Background-While it is understood that annular dilatation contributes to tricuspid regurgitation (TR), other factors are less clear. The geometry of the right ventricle (RV) and left ventricle (LV) may alter tricuspid annulus size and papillary muscle (PM) positions leading to TR. Methods and Results-Three-dimensional echocardiographic images were obtained at Emory University Hospital using a GE Vivid 7 ultrasound system. End-diastolic area was used to classify ventricle geometry: control (nϭ21), isolated RV dilatation (nϭ17), isolated LV dilatation (nϭ13), and both RV and LV dilatation (nϭ13). GE EchoPAC was used to measure annulus area and position of the PM tips. Patients with RV dilatation had significant (PՅ 0.05) displacement of all PMs apically and the septal PM and posterior PM away from the center of the RV toward the LV. Patients with LV dilatation had significant (PՅ0.05) apical displacement of the anterior PM. Pulmonary arterial pressure (rϭ0.66), annulus area (rϭ0.51), apical displacement of the anterior PM (rϭ0.26), posterior PM (rϭ0.49), and septal PM (rϭ0.40), lateral displacement of the septal PM (rϭ0.37) and posterior PM (rϭ0.40), and tenting area and height (rϭ0.54, 0.49), were significantly (PՅ0.05) correlated to the grade of TR. Ventricle classification (rϭ0.46) and RV end-diastolic area (rϭ0.48) also were correlated with the grade of TR. A regression analysis found ventricle classification (Pϭ0.001), pulmonary arterial pressure (PՅ0.001) annulus area (Pϭ0.027), and apical displacement of the anterior PM (Pϭ0.061) to be associated with the grade of TR. Conclusions-Alterations in ventricular geometry can lead to TR by altering both tricuspid annulus size and PM position.
T ricuspid regurgitation (TR), a once ignored disease, rapidly has been gaining interest. 1, 2 This is supported by the fact that if left untreated, TR can worsen over time and have detrimental effects on morbidity and mortality. 1, 3 For this reason it has become increasingly more common to correct TR, although treatment for TR remains controversial and often is done in conjunction with other valve repairs. [2] [3] [4] 
Clinical Perspective on p 50
When the decision is made to correct TR, the options for treatment are limited. Past research has focused primarily on the mitral and aortic valves, and as a result, the mechanisms that are responsible for TR widely are understudied. Even with treatment, TR often persists, which may be because of an incomplete understanding of the tricuspid valve apparatus and alterations associated with different diseases. While it is widely accepted that annular dilatation 5, 6 and pulmonary hypertension 7, 8 contribute to tricuspid regurgitation, it is uncertain as to the other factors that may be involved. Previous studies have pointed to changes in ventricular geometry as well as papillary muscle (PM) displacement as contributing factors to TR. As a result of PM displacement, the leaflets may become tethered, and thus prevent proper coaptation. Studies have shown leaflet tethering as a predictor of TR. 9 -11 Changes in the ventricle geometry may affect the PMs as they are connected directly to the ventricular wall. It is believed that right ventricle (RV) dilatation may result in displacement of the anterior PM (APM), 12, 13 while another study reported displacement of the septal PM (SPM) toward the center of the RV with left ventricle (LV) dilatation. 14 However, these prior studies were unable to directly correlate these finding to the magnitude of TR.
It is hypothesized that the geometry of both the right ventricle and left ventricle plays a role in determining tricuspid annulus size, PM positions, and leaflet tethering, with alterations in them leading to varying degrees of TR. The objective of this study was to identify PM positions using 3D echocardiography and determine changes of the PM position as a result of alterations in both RV and LV geometry. In addition, we sought to investigate the geometric determinants of TR based on ventricular geometry using 3D echocardiography, as they may provide insight into which repair is appropriate. Patient specific repairs, which aim to correct all mechanisms responsible for creating TR, may prove to reduce the recurrence of TR and increase durability.
Methods

Patient Recruitment
Sixty-four subjects were prospectively recruited at Emory University Hospital, Atlanta, Georgia, and underwent a standard transthoracic echo analysis with an additional 3D image focusing on the RV. End-diastolic area (EDA) was used to classify ventricular geometry 15 and was reviewed by a physician to determine subject groups: control (RVEDA Յ20 cm 2 , LVEDA Յ33 cm 2 , nϭ21), isolated RV dilatation (RVEDA Ͼ20 cm 2 , LVEDA Յ33 cm 2 , nϭ17), isolated LV dilatation (RVEDA Յ20 cm 2 , LVEDA Ͼ33 cm 2 , nϭ13), and both RV and LV dilatation (RVEDA Ͼ20 cm 2 , LVEDA Ͼ33 cm 2 , nϭ13). As the control group was defined by normal ventricular geometry, the group consisted of both healthy volunteers (nϭ9) and patients (nϭ12). The study was approved by the Emory University Institutional Review Board for human subjects, with all patient identifiers removed and patient privacy protected according to Health Insurance Portability and Accountability Act regulations. Informed consent was obtained from all patients before enrollment in the study. Patients were excluded from the study if they had a congenital heart defect, pacemaker or automatic implantable cardioverter defibrillatorlead tricuspid valve repair or prosthesis, or poor image quality.
Image Acquisition and Analysis
All images were acquired using a GE Vivid 7 ultrasound system. Routine transthoracic exams were conducted on patients with the addition of 3D images of the RV. 3D echo images were acquired with the probe positioned apically to focus on the RV. A standard apical 4-chamber view was used to determine EDA for both the RV and LV. The grade of TR was assessed with color Doppler, graded from trace to severe and based on the size of the jet area in relation to the area of the right atrium, as assessed in the apical 4-chamber view. 16 Pulmonary arterial (PA) pressure was determined using standard clinical methods, using the modified Bernoulli equation with TR velocity jet and the diameter of the interior vena cava for right atrial pressure estimation. GE EchoPAC was used to interrogate the 3D RV with 2D slices along the apical 4-chamber and parasternal short axis views to measure annulus area ( Figure 1 ), distance between the tricuspid valve annulus plane and the 3 RV PM tips ( Figure 2A ), and position of the PM tips with respect to the center of the annulus ( Figure 1B , C). The amount of tethering also was quantified in the 4-chamber view by measuring both tenting area (TA) and tenting height (TH). TA was measured by tracing the area enclosed by the annulus plane and leaflet surfaces. TH was measured as the distance from the annulus plane to the point of coaptation, as done previously. 10, 11 The slice option in GE EchoPAC was used to manipulate the 2D planes within the 3D image.
Annulus Area Measurements
The annulus plane was identified within the 4-chamber image by the location of leaflet attachment and increased image intensity. The annulus area was measured in the annulus plane using the area tracing tool in GE EchoPAC (Figure 1 ). The measurement was repeated 3 times and then averaged. The border was determined by distinction of low (blood) and high intensity (annulus) signals.
Papillary Muscle Position Measurements
The apical, septal/lateral, and anterior/posterior distances were measured on a single PM and then repeated for the additional 2 PMs. If all 3 PMs could not be identified, those that were visible were measured and recorded. The slice option within GE EchoPAC provides the user with 3 slices that could be moved in 3D space. The 3 slices were used to visualize the PM (4-chamber), identify the reference (short axis), and intersect the PM tip (short axis), for measurement from the reference.
Distance From Annulus Plane (Apical)
Once the annulus plane was identified with a short axis slice, the plane that provided the long axis (4-chamber) view then was moved anteriorly and posteriorly throughout the RV until the PM/chordae could be seen. The PM was identified most easily through the chordae tendineae insertion, with the video playing throughout the cardiac cycle. The video was then stopped at peak systole and a third plane was moved parallel to the annulus at the PM tip within the 4-chamber view ( Figure 1A ). The caliper tool then was used to measure the perpendicular distance between these 2 planes (annulus and PM tip) and recorded as the apical distance ( Figure 2A ).
Annulus Area
Area TV MV Annulus Plane 
Distance From Center of Annulus (Septal/Lateral, Anterior/Posterior)
The short axis plane at the tip of the PM remained in position, while the annulus plane was rotated to bisect the annulus, parallel to the septum. The distance from the PM tip to the reference was measured in the short axis plane of the PM tip ( Figure 2B ). This distance was used to determine septal or lateral displacement from control, with positive displacement being toward the septum (septal) and negative being away from the septum (lateral). The reference plane for calculating the septal/lateral distance then was rotated to bisect both the RV and LV, perpendicular to the septum. If necessary the PM plane was moved to the annulus plane to ensure that the reference plane bisected both the RV and LV. The perpendicular distance then was measured from the PM tip to the reference plane, in the short axis PM tip plane ( Figure  2C ). This distance was used to determine anterior or posterior displacement from control, with positive displacement from the center of the RV being anterior and negative being posterior.
Statistical Analysis
All data were assessed for normality with an Anderson-Darling test and equal variance with a Levene test before running an analysis of variance. Statistical differences in annulus area and PM displacement and tethering, as compared with control subjects, were determined using a One-Way analysis of variance, with a Dunnett post hoc test. If data were not normally distributed, a Kruskal-Wallis test was used to test significance in the non-normal group as compared with control, and the analysis of variance was rerun with the non-normal group removed. Significance was determined at PՅ0.05. Distances were normalized by body surface area, as this is a standard technique to scale cardiac anatomy and accounts for variations in patient size. Intraclass variability was minimal as a high correlation, ranging from rϭ0.891 to rϭ0.953, when assessment for all patients between repeated measurements on the same variable (ie, annulus area) was seen. All measurements are expressed as meanϮstandard deviation.
Correlates to the grade of TR were determined with a Spearman rank correlation. All variables that were significantly correlated with the grade of TR initially were included in the multivariable ordinal regression model. Variables with the highest probability value were incrementally removed until only variables with a probability value Յ0.10 remained.
Results
Patient Characteristics
The mean age of the subjects was 51Ϯ18 years, with 58% being men ( Table 1 ). The highest levels of clinically significant TR, moderate to severe, were seen in patients with either a dilated RV (81%) or dilated RV/LV (79%), with only 31% in patients with a dilated LV ( Figure 3) . A significantly higher (PՅ0.05) pulmonary arterial pressure was observed in these same patients ( Table 2) . Patients with a dilated RV and both ventricles dilated had a significantly larger (PՅ0.05) normalized annulus area as compared with control ( Table 2) . 
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Papillary Muscles Positions
Distance measurements of PMs for all patients according to dilatation grouping are shown in Table 2 , with schematics depicting significant displacement from control shown in 
Tethering
Both TA and TH were significantly increased in all patient groups as compared with control. While TH was consistent among patient groups, TA was higher in patients with a dilated RV, both isolated (1.4Ϯ0.5 cm/m 2 ) and combined (1.4Ϯ0.5 cm/m 2 ) with LV dilatation.
Determinates of Tricuspid Regurgitation
The variables associated with severity of TR are shown in 
Discussion
This study provided a unique investigation of the determinates of TR by using 3D echocardiography, an increasingly relevant clinical technique. Knowledge of the change in ventricular geometry and its affect on TR was expanded by taking measurements of the annulus as well as the individual PMs of the tricuspid valve. The technique of using 3D echo to measure PM positions also may prove helpful for clinicians to determine which PM is contributing to the TR and target their repair efforts.
In this study PA pressures were the highest among patients with a dilated RV, with the highest levels of TR also seen in this patient group. PA pressure and TR were highly correlated in all statistical comparisons. Although it has long been accepted that pulmonary hypertension may result in TR, clinical correlations are difficult to find. Not only was this study able to correlate the 2, it also may provide an explanation as to why this happens. We found PA pressure to be correlated with RV geometry (RVEDA, rϭ0.51), with this parameter being correlated with annular dilatation (rϭ0.60) as well as PM displacements that were shown also to be correlated to TR. We can explain the finding that only PA pressure was able to predict whether the TR was clinically significant or not, because increases in PA pressure result in RV dilatation, which dilates the annulus and displaces the PMs. Increases in PA pressure may explain this high interdependence, and the cause of the geometric alterations. The opposite may not be true, in that correcting the pulmonary hypertension may not correct the TR. Whether these geometric changes can be reversed when the PA pressures are corrected/decreased has to be proven yet. Future studies should investigate the presence of TR in patients who have been treated for pulmonary hypertension, and determine if the ventricle remodels, with the annulus and PMs returning to their original position.
Additionally, we found a significant correlation of the size of the ventricles, to the grade of TR. This can be explained by the changes in the valvular and subvalvular apparatus as a result of ventricular dilatation, which may prevent the valve from forming a proper seal. Furthermore, the correlation of RV size to tricuspid annulus area shows that patients with a dilated RV are more likely to have a dilated annulus. This information has been shown before. 12, 17 However, it is interesting to note that not all patients with a dilated RV had significant increases in annulus area. Although the number of patients was small, the RV may become dilated without the annulus being affected. Annulus area also was correlated with TR (rϭ0.51), which is consistent with many previous studies. 11, 12, 18 With regards to displacement of the PMs, patients with isolated RV dilatation had significant displacement of all Measurement of all variables was not feasible on all patients, thus the n reflects the no. of patients on which the measures were conducted. PA indicates pulmonary arterial; MR, mitral reguritation; RVEDA, right ventricle end-diastolic area; LVEDA, left ventricle end-diastolic area; APM, anterior papillary muscle; SPM, septal papillary muscle; PPM, posterior papillary muscle; TA, tenting area; TH, tenting height.
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PMs. As would be expected, all PMs moved away from the annulus. It may be the combination of displacement of all PMs and annular dilatation, which accounts for the patients with isolated RV dilatation having the largest percentage of severe TR. Even though the annulus is dilated, we expect that the center of the annulus, the reference, would remain in a similar location, as the septum is being displaced into the LV and the free wall is moving out. It is, however, possible that while the septal and posterior PMs may have moved from their original position in the patients with a dilated LV and both ventricles dilated, no difference was seen from control because the relative position to the center of the annulus remained the same. In the patients with a dilated LV it may have been that while the annulus size remained the same, the original position of the annulus was displaced along with the septal and posterior PMs as the septum is pushed into the RV with LV dilatation. Additionally, with combined RV and LV dilatation, both the annulus center and all the PMs may move together, resulting in no relative difference in PM position ( Figure 5 ). It is, however, important to point out that it is most likely the relative position between the PMs and the annulus that matters the most. For instance, if the annulus was moving in the same direction and magnitude as the PMs, it should not affect proper valve closure, as the relative distances would be the same. Therefore, we can explain the impact of these changes by the relative changes. As the PMs are pulled away from the center of the annulus, tethering may be induced in conjunction with the increased orifice size due to annular dilation, and further exacerbate TR. Previous studies have quantified this both in the tricuspid 9 -11,19 and mitral valves. 20 Apical displacement of APM was seen in all patient groups with dilatation of the RV, LV, or both. This tells us that either the PM is moving away from the annulus plane, or the reference plane is moving. Previous studies by Ton-Nu et al 21 and Fukuda et al 22 demonstrate that the annulus plane becomes more planar in patients with annular dilatation, as opposed to saddle shape in control subjects. Unfortunately both studies used a plane of best fit as their reference; therefore, it cannot be determined if the points on the saddle were moving toward the apex or atrium. If in fact the PMs are being displaced apically, the rationale behind their movement may be because of the remodeling and shape changes of the ventricles, which have to be characterized yet. As pointed out previously, it is the relative position that is most important, as apical displacement of the PMs, away from the annulus, is likely to result in leaflet tethering.
This study, as well as previously published studies, 9 -11 shows leaflet tethering to be a contributor to the presence of TR. Displacements in the PMs would be expected to contribute to leaflet tethering, which may explain why both were correlates to the grade of TR. Interestingly, our study was able to show apical displacement of the APM to be better associated with TR, as tethering measurements dropped out of the multivariable regression. While tethering remains a clinically important metric in TR, attempts to identify and quantify the position of the APM may provide more insight. While 2D echo is currently the most commonly used modality for patient imaging, it requires the technician to identify the 3 PMs and can only provide 1 slice at a time. 3D acquisition allows the interrogation of the entire geometry offline as the entire volume is captured. Further data are included online in the supplemental material section as to the use of 3D echocardiography in visualizing the tricuspid valve apparatus (online-only supplement). Patients with dilated RVs in our experience were the easiest to image, with the viewing window adjusted to focus on the RV. Similar adjustments were made for patients with both RV and LV dilation. The APM was the easiest to visualize in all patients, as it clearly protrudes from the free wall. 23 
Study Limitations
The small number of patients within each group resulted in high variability within the group classifications. Future studies should aim to recruit additional patients and look at PM displacements in specific disease patterns, as those with different disease manifestations would be expected to have different remodeling characteristics. In addition, it would be interesting to determine if the severity of ventricular dilatation correlates to the magnitude of PM displacement. As noted in the discussion, although relative position of PMs to the annulus plane is important, it would be of interest to determine if the reference (annulus plane) or the PMs are moving in these patients, as it is difficult to identify a relevant reference that does not move with disease. Additionally, it must be noted that the measurement of the RV and LV dilatation was done only in the 4-chamber view, whereas biplane and 3D measurements of the ventricular geometry may give more insight into supporting the PM displacements reported in this study.
While we were not able to identify all 3 PMs in all patients (nϭ12), in these patients at least 2 always were seen. It was not always feasible to see the PM protruding from the wall, particularly in the case of the SPM and PPM. If the PM was not visible, the insertion point of the chordae into the wall was taken instead. Although the direct insertion of the chordae into the wall may not be evidence of the existence of a PM, it is the changes in the attachment location (chordae insertion) that are important, not necessarily the existence of a PM. Classification of some PMs has been identified as "fused PM," in which the PM attaches directly into the wall. 24 This same study reported there to be several PMs tips and chordae insertions for both the SPM and PPM, where as the APM is usually 1 distinct PM. 23, 24 Tethering measurements were quantified only by TA and TH in the 4-chamber view, as measurements across the additional coaptation lines were difficult to assess in a repeatable manner. While quantifying tethering in these additional planes may help us understand the mechanisms involved, 4-chamber measures are more clinically feasible to obtain. Methods to reliably quantify tethering in the coaptation planes should be investigated in future studies.
Conclusions
In this study we show that 3D echocardiography can be used to identify and measure the position of all 3 PMs for control and diseased patients. This study found that dilatation of both ventricles results in displacement of the RV PMs. Apical and lateral displacement of all PMs was significantly correlated to the grade of TR, with the exception of lateral displacement of the APM, along with leaflet tethering. PA pressure, classification based on RV and LV size, annulus area, and apical displacement of the APM were associated with the severity of TR. Increases in PA pressure lead to geometric changes in the ventricles, which result in alteration in the tricuspid valve apparatus, including both the annulus and PMs. A complete investigation of the parameters responsible in clinically significant TR, as presented here, help the clinician to target repairs to the direct cause of TR and thus may result in more durable repairs. In addition to highlighting the importance of geometry and pulmonary pressures in TR, this study also presented a reliable noninvasive technique that may serve to provide more patient-specific diagnosis and treatment. 
Sources of Funding
